of A. kamchatica subsp. kamchatica and an accession of A. kamchatica subsp. kawasakiana.
Introduction
Polyploid species are common in land plants and about 35% are estimated to be recent polyploids (Mayrose et al. 2011; Wood et al. 2009 ). Moreover, it has been proposed that genome duplication is an important force that drives novelty and diversification (Ohno 1970; Schranz et al. 2012) . Polyploid species often have a distinct or broader environmental niche compared with their parental species (Levin 2002; Marchant et al. 2016; Shimizu-Inatsugi et al. 2017; Stebbins 1971; Zozomova-Lihova et al. 2014) . Despite the prevalence and importance of polyploid species, genetic and genomic studies have focused on diploid model species. The complexity of the polyploid genome and the paucity of polyploid model species are major barriers that have hindered their study.
Arabidopsis kamchatica (Fisch. ex DC.) K. Shimizu & Kudoh is an allotetraploid species and it originated via the hybridization of its diploid parental species:Arabidopsis halleri (L.) O'Kane & Al-Shehbaz and Arabidopsis lyrata (L.) O'Kane & Al-Shehbaz (Novikova et al. 2016; Shimizu et al. 2005; Shimizu-Inatsugi et al. 2009 ). Large volumes of genomic and genetic resources are available for its parental species, A. halleri (Akama et al. 2014; Briskine et al. 2016) and A. lyrata (Hu et al. 2011) , as well as for its close relative, Arabidopsis thaliana (L.) Heynh. Therefore, A. kamchatica has been widely used as a model polyploid Abstract Polyploidization has played an important role in the speciation and diversification of plant species. However, genetic analyses of polyploids are challenging because the vast majority of the model species are diploids. The allotetraploid Arabidopsis kamchatica, which originated through the hybridization of the diploid Arabidopsis halleri and Arabidopsis lyrata, is an emerging model system for studying various aspects of polyploidy. However, a transgenic method that allows the insertion of a gene of interest into A. kamchatica is still lacking. In this study, we investigated the early development of pistils in A. kamchatica and confirmed the formation of open pistils in young flower buds (stages 8-9), which is important for allowing Agrobacterium to access female reproductive tissues. We established a simple Agrobacterium-mediated floral dip transformation method to transform a gene of interest into A. kamchatica by dipping A. kamchatica inflorescences bearing many young flower buds into a 5% sucrose solution containing 0.05% Silwet L-77 and Agrobacterium harboring the gene of interest. We showed that a screenable marker comprising fluorescence-accumulating seed technology with green fluorescent protein was useful for screening the transgenic seeds of two accessions Electronic supplementary material The online version of this article (doi:10.1007/s10265-017-0982-9) contains supplementary material, which is available to authorized users.
1 3 species in molecular genetics and evolutionary research. Numerous studies have been conducted in different areas using A. kamchatica, including breeding systems and the evolution of self-compatibility (Shimizu and Tsuchimatsu 2015; Sugisaka and Kudoh 2008; Tsuchimatsu et al. 2012) , zinc hyperaccumulation , cold response and resistance (Akama et al. 2014; Armstrong et al. 2015) , trichome development (Shimizu 2002) , epigenetic regulation (Fujimoto et al. 2008) , population structure (Higashi et al. 2012; Schmickl et al. 2010; Shimizu-Inatsugi et al. 2009 ), and flowering time (for A. lyrata subsp. kamchatica, Kuittinen et al. 2008 ). However, a transformation technique has not been developed for this species, which would be useful for understanding and confirming gene functions and regulation in A. kamchatica.
The transformation of the self-incompatible A. halleri and A. lyrata, the parental species of A. kamchatica, has been achieved successfully via a tissue culture-based method using Agrobacterium tumefaciens (Fobis-Loisy et al. 2007; Hanikenne et al. 2008) . However, transformation via a tissue culture-based method is laborious and time-consuming, and it may also cause unwanted genetic changes such as DNA modifications and chromosomal aberrations (HerreraEstrella et al. 2005; Labra et al. 2004) . Because A. kamchatica is also self-compatible, the floral dip method used commonly for the transformation of A. thaliana may be applied to this species (Clough and Bent 1998; Zhang et al. 2006) . In addition to A. thaliana, transformation through floral dipping has been achieved successfully in other plant species, such as Arabidopsis suecica (Lawrence and Pikaard 2003) , Cardamine hirsuta (Hay et al. 2014) , Thellungiella halophila (Bressan et al. 2001) , Arabidopsis arenosa (Lackey et al. 2010) , Medicago truncatula (Trieu et al. 2000) , tomato (Yasmeen et al. 2009 ), wheat (Zale et al. 2009 ), and maize (Mu et al. 2012) . The floral dip transformation method is easier and faster compared with the tissue culture-based method or vacuum infiltration method (Bechtold and Pelletier 1998) . In addition, unwanted genetic changes are less likely to occur because transformation through floral dipping imposes less stress on plants (Zhang et al. 2006) .
In this study, we investigated the possibility of transforming A. kamchatica using an Agrobacterium-mediated floral dip method. We examined the early flower development of A. kamchatica, specifically the development of pistils, where the female reproductive tissues that are shown to be the primary target sites of Agrobacterium are located (Desfeux et al. 2000) . Moreover, several screenable/selection markers were tested to identify suitable markers for the selection of transgenic A. kamchatica. After modifying several steps of the floral dip method used for A. thaliana, we successfully generated transgenic A. kamchatica, including A. kamchatica subsp. kawasakiana from Takashima, Japan, and A. kamchatica subsp. kamchatica from Murodo, Japan, and Potter, USA through the floral dip transformation method (Clough and Bent 1998; Zhang et al. 2006 ).
Materials and methods

Plant materials
Three accessions of A. kamchatica were examined in this study: A. kamchatica subsp. kawasakiana is the progeny of kamkawB6 used by Shimizu-Inatsugi et al. (2009) , and it was originally collected in Takashima, Shiga, Japan; A. kamchatica subsp. kamchatica from Potter is the progeny of kamH43 used by Shimizu-Inatsugi et al. (2009) and denoted as PAK by , and it was originally collected from Chugach State Park, Potter, Alaska, USA; and A. kamchatica subsp. kamchatica from Murodo, Japan denoted as MUR, which was used by . The latter population was found near the kamD19 population described by Shimizu-Inatsugi et al. (2009) .
Examination of early pistil development
The different stages of flower bud development in the Takashima accession were assigned according to the early flower developmental stages of A. thaliana (Smyth et al. 1990 ). Sepals, petals, and anthers were removed using forceps and the stigmas of the Takashima accession were then observed under a stereomicroscope (SMZ645, Nikon, Japan).
Marker selection
We investigated three screenable/selection markers that can be used for the identification of transgenic A. kamchatica. First, the fluorescence-accumulating seed technology (FAST) was tested (Shimada et al. 2010) . Seeds of the Takashima accession were observed under a fluorescence stereomicroscope (SZX12, Olympus with Reflected Fluorescence System U-RFL-T; Olympus, Japan) using a red fluorescent protein (RFP) or green fluorescent protein (GFP) filter to examine the autofluorescence level in A. kamchatica seeds. Second, seeds of the Potter accession and T 1 seeds of transgenic A. thaliana transformed with a binary vector harboring the kanamycin resistance gene as a control were grown on 1% sucrose ½ × Murashige and Skoog (MS) plates containing 50 or 250 µg ml − 1 kanamycin for 2-3 weeks to examine the utility of kanamycin as a selection method. Finally, the glufosinate herbicide Basta was tested by spraying 0.1% Basta on 1-week-old A. kamchatica seedlings on alternate days for 2-3 weeks (D'Halluin et al. 1992 ).
Cloning of gene of interest
Our gene of interest, gene A, was cloned into pCR ® 8/GW/ TOPO ® (Invitrogen) according to manufacturer's instructions. Next, gene A was inserted into the destination vector pFAST-G01 (VIB, Belgium) through LR recombination using LR Clonase ® II Enzyme mix (Invitrogen). The vector (pFAST-G01-geneA) was then transformed into A. tumefaciens (GV1301) by electroporation. The sequences have been deposited in the DNA Data Bank of Japan (accession number: LC318430).
Seed counting
One hundred seeds were counted for the Takashima, Potter, and Murodo accessions, and weighed three times using a Mettler Toledo AT100 balance. The total number of seeds harvested from each accession was estimated based on the average weight of 100 seeds. One hundred T 2 generation seeds from one transgenic line belonging to each accession were counted and observed under a fluorescence stereomicroscope using a GFP filter.
Protocol for the Agrobacterium-mediated floral dip transformation method 1. A. kamchatica growth About 3 months prior to transformation a. Fill a Petri dish or 12-well cell-culture plates with sand (about 5 mm depth) and add sufficient water to moisten the sand. b. Spread seeds on the sand and keep the plates at 4 °C under dark condition for about 1 week to break dormancy, thereby allowing uniform seed germination. c. Move the plates to a plant chamber under long-day conditions (16 h light/8 h dark cycle, 22 °C, 60% humidity) for seed germination. d. After 1-2 weeks, transfer the seedlings to wet soil in 6 × 6 cm pots (one per pot) and place on a 49 × 32 cm tray. e. Move the seedlings to a plant chamber under longday conditions and apply translucent covers to maintain high humidity in the first week (Fig. 1a) . f. Ensure that the plants produce at least 4-5 adult leaves (with serration) before the vernalization treatment, which usually takes about 4-5 weeks (Fig. 1b,  c ). g. Move trays to a 4 °C room for vernalization under short-day conditions (8 h dark/16 h light cycle) for 4-5 weeks.
h. Move the trays back into the long-day plant chamber to induce flowering. i. Grow the plants for 2-3 weeks until they produce the maximum number of flower buds possible at the correct stage (see "Results and discussion"). j. Water the plants well on the day before floral dip transformation. k. To obtain a higher rate of transformed seeds, remove any siliques that were formed before floral dip transformation.
2. Agrobacterium culture At 2 days prior to transformation a. Inoculate a single colony of A. tumefaciens (GV1301) harboring a pFAST-G01 binary vector with the gene of interest and a FAST cassette with the GFP reporter gene into 5 ml of liquid Luria-Bertani (LB) medium (10 g tryptone, 5 g yeast extract, 10 g sodium chloride per liter; Becton, Dickinson and Company, USA) containing the antibiotics spectinomycin and hygromycin (Shimada et al. 2010) .
Incubate the culture at 28 °C and 220 revolutions per minute (rpm) for 24 h (KS 4000 ic control, IKA, Germany). b. Transfer 50 µl of the Agrobacterium culture to 25 ml of fresh liquid LB medium containing spectinomycin and hygromycin in a 50 ml Falcon tube and incubate it at 28 °C and 220 rpm for 16-18 h. c. Perform PCR using suitable primers (Fig. S1 , Table S1 ) to confirm that the cultured Agrobacterium harbors the gene of interest. d. Centrifuge at 4000×g for 10 min to collect Agrobacterium cells (Centrifuge 5810 R; Eppendorf, Germany). e. Discard the supernatant and resuspend the cells by vigorous mixing in 50 ml of freshly prepared 5% sucrose solution (2.5 g) in a 50 ml Falcon tube. f. Add 0.05% (25 µl) Silwet L-77 (a surfactant; General Electric Healthcare, USA) and mix thoroughly.
Floral dip transformation
a. Dip the inflorescences of A. kamchatica into the Agrobacterium suspension for about 5-10 s with gentle agitation (Fig. 2a) . b. Drain the excess suspension by lightly touching the dipped inflorescences on the side of the Falcon tube. c. Use a micropipette (Eppendorf, Germany) to apply a small drop of Agrobacterium suspension to any short axillary inflorescences that cannot be dipped. d. Wrap the dipped plants in plastic film and lay them on their sides in a tray to maintain high humidity (Fig. 2b ). e. Cover the tray with another tray and move them back into the long-day plant chamber, to keep the treated plants in the dark for 16-24 h (Fig. 2c) .
f. Uncover the tray and place the treated plants in an upright position before watering them. g. Remove the plastic film after an additional 16-24 h. h. Repeat the floral dipping procedure using fresh Agrobacterium culture 2 weeks later or when many new buds have been produced. 4. Screening primary transformants a. Collect the harvested seeds in small envelopes and ensure that they are sealed correctly to prevent contamination. b. Place the envelopes in a Ziploc bag with silica gel for 1-2 days to dry the seeds completely. c. Screen the seeds under a fluorescence stereomicroscope using a GFP filter to select fluorescent transformants. d. Some of the nonfluorescent seeds are used as the control group. Grow the control and transformed seeds according to Steps 1a-e. e. After the production of a few juvenile leaves, cut a small piece of leaf from each of the control and transformed plants. f. Wash the leaf fragments with 50% bleach solution and then rinse twice with deionized water to remove Agrobacterium or dirt from the surfaces. g. Extract genomic DNA from the leaves using a DNeasy Plant Mini Kit (Qiagen, Germany) to confirm the transformation of the gene of interest by PCR using ExTaq (TaKaRa, Japan) with primers for pFAST-G01 (Fig. S1 , Table S1 ).
Results and discussion
In this study, we established a transgenic technique for the self-compatible A. kamchatica through floral dipping, which allows the transformation of a gene of interest into A. kamchatica in a relatively simple manner without requiring tissue culture steps.
Important developmental stages in A. kamchatica for the Agrobacterium-mediated floral dip transformation method
Ensuring that the developmental stages of A. kamchatica are appropriate in specific steps during the transformation process is very important for obtaining successful transformants. First, only A. kamchatica plants that have reached the adult phase (Fig. 1b, c) should be transferred to the 4 °C room (for vernalization). The adult leaves are more elongated with more serrated leaf margins compared with the juvenile leaves (Rodriguez et al. 2014) (Fig. 1b, c) . Therefore, the presence of at least 4-5 serrated adult leaves indicates that the plant is ready for vernalization (Fig. 1b) . Plants in the adult phase are more likely to survive the vernalization treatment and produce more flowers subsequently. Second, it is important to conduct floral dip transformation when the maximum number of flower buds possible is present in the correct stages in order to obtain more transformants (Clough and Bent 1998; Desfeux et al. 2000) . The female reproductive tissues are known to be the primary targets of Agrobacterium (Desfeux et al. 2000) . The pistils of A. thaliana are visible as open tubes in the flower buds during stages 8 and 9, and they later fuse to form a stigmatic cap with papillae during stages 11 and 12 (Smyth et al. 1990) . Transformants are obtained when Agrobacterium is applied at least 5 days before anthesis, which corresponds to flower buds during stages 8 and 9 with open pistils (Desfeux et al. 2000) . In addition, a higher transformation efficiency is obtained when floral dip transformation is performed using crabs-claw mutants, which have open pistils throughout the flower development stages (Desfeux et al. 2000) . Moreover, the transformation of soybeans using the floral dip method is not successful mainly because their pistils are closed during the very early stage of floral development, thereby blocking the entry of Agrobacterium into the pistils (Desfeux et al. 2000) . Thus, open pistils are essential for successful transformation using the floral dip method because they readily allow Agrobacterium to access the interior of the pistils where the female reproductive tissues are located. We investigated early flower development in the Takashima accession to ensure the presence of open pistils. The flower bud developmental stages in A. kamchatica were assigned according to the flower bud stages in A. thaliana (Smyth et al. 1990) (Fig. 3a) . Similar to A. thaliana, the pistils of the Takashima accession remained open in the flower buds during stages 8 and 9 (Fig. 3b-e) . Subsequently, stigmatic caps formed over the top to seal off the interior of the pistils during stages 11 and 12 (Fig. 3f-i) . Therefore, floral dip transformation should be applicable in A. kamchatica and the transformation procedure should be conducted when the maximum number of young flower buds is present.
Markers for screening/selecting successfully transformed A. kamchatica seeds
A useful marker allows the rapid and simple screening of successful transformants where the transgenes are expressed properly. Several markers were tested to select the marker with the best performance in A. kamchatica. First, a pFAST binary vector with a FAST cassette was examined. The FAST cassette contained a reporter gene, i.e., RFP or GFP fused to the A. thaliana OLEOSIN1 (OLE1) gene, including its promoter and coding regions (Shimada et al. 2010) . OLE1 is expressed specifically in the oil body membranes of the embryo in seeds, which is the progeny and not the maternal tissue (Abell et al. 1997) . Therefore, transformation with this cassette facilitates the simple screening of transgenic seeds, where the fluorescence emitted by the embryo penetrating the seed coat can be observed under a fluorescence stereomicroscope (Shimada et al. 2010) . Observations of seeds from the Takashima accession under a fluorescence stereomicroscope indicated that RFP might not be an appropriate marker for A. kamchatica because the autofluorescence by the Takashima accession seeds was rather strong, which could make it difficult to distinguish between transformants and nontransformants (Fig. S2a) . By contrast, the autofluorescence from the Takashima accession seeds was weak under the GFP filter, thereby suggesting that a FAST cassette with a GFP reporter gene (pFAST-G01) may be a more suitable screenable marker compared with a FAST cassette with a RFP reporter gene for the transformation of A. kamchatica (Fig. S2b) .
In addition, we tested the resistance of A. kamchatica to the antibiotic kanamycin, which is a selection method that is commonly used in A. thaliana. As a control, T 1 seeds of transgenic A. thaliana transformed with a binary vector harboring the kanamycin resistance gene were sown together with wild-type (WT) A. kamchatica seeds on kanamycin plates. Kanamycin at a concentration of 50 µg ml − 1 was sufficient for segregating the healthy A. thaliana transformants from chlorotic and dying nontransformants (Fig. S3a) . However, because the Potter accession remained healthy after kanamycin treatment (Fig. S3b) , we increased the concentration of kanamycin to 250 µg ml − 1 . At this concentration, the nontransformed A. thaliana seedlings died as soon as the cotyledons emerged (Fig. S3c) . By contrast, the WT A. kamchatica seeds survived for 2-3 weeks, although they were more chlorotic than the A. kamchatica seedlings grown on 50 µg ml − 1 kanamycin plates (Fig. S3d) . Therefore, it might be possible to use kanamycin at a concentration of at least 250 µg ml − 1 as a selection method for confirming the transformation of A. kamchatica.
The bar gene provides resistance to the glufosinate herbicide Basta and it is another selection marker that is widely used for the transformation of A. thaliana (D'Halluin et al. 1992 ). We applied Basta to the WT A. kamchatica to check its resistance to the herbicide. The control Takashima accession plants were watered in a normal manner, whereas 0.1% Basta was sprayed onto seedlings of the Takashima accession on alternate days. None of the seedlings survived after treatment with Basta for 2-3 weeks (Fig. S4) . Thus, Basta could be used for confirming the transformation of A. Introduction of pFAST-G01-geneA into A. kamchatica using the Agrobacterium-mediated floral dip transformation method
We found that the FAST cassette containing the GFP reporter gene might be a suitable screenable marker for confirming the transformation of A. kamchatica, so we examined whether the transformation was successful in four sets of experiments using the three accessions. In all of the experiments, the transformed seeds were confirmed based on the presence of green fluorescence under a fluorescence stereomicroscope (Table 1 ; Fig. 4a ). Among the three accessions, the number of transformed seeds per treated plant was about four times higher for the Takashima accession, but the seed transformation rate exhibited little variation, possibly because more seeds were produced per plant by the Takashima accession compared with the other accessions (Table 1) . Given the transformation efficiency, the number of parental plants may be the limiting factor; thus, transformation using the Takashima accession would provide an adequate number of transformants more easily. We also examined the effect of the frequency of floral dipping of A. kamchatica. The transformation rates with dipping two and three times did not differ significantly in the Potter accession (Table 1) . Six transformed seeds from each A. kamchatica accession were germinated. The insertion of the FAST cassette was confirmed by PCR in all of the transgenic lines examined (Fig. 4b) . The segregation ratios for the pFAST-G01-geneA transgene in the T 2 generation of a transgenic line from each accession followed a one-locus biallelic Mendelian inheritance pattern where the ratio of fluorescent seeds to nonfluorescent seeds was 3:1, thereby indicating stable inheritance of the transgene by the transgenic A. kamchatica ( Fig. 4c; Table 2 ). Our results demonstrate that the FAST cassette with the GFP reporter gene is a useful screenable marker for confirming the transformation of A. kamchatica because it is reliable and facilitates simple screening.
Conclusion
In this study, we demonstrated that A. kamchatica can be transformed using the Agrobacterium-mediated floral dip method, which is widely used for the transformation of A. thaliana. This is one of the few successful examples of transformation using the floral dip method in polyploid species. This method is suitable for A. kamchatica mainly because of its self-compatibility and the presence of open pistils in the flower buds during stages 8 and 9, which is important for allowing Agrobacterium to access the female reproductive tissues. We also showed that a FAST cassette with a GFP reporter gene was a suitable screenable marker for confirming the transformation of A. kamchatica because it facilitates the simple and rapid identification of successful transformants. However, a larger number of A. kamchatica must be transformed to obtain a substantial amount of transformants because the number of seeds produced by A. kamchatica is much lower compared with A. thaliana. If possible, A. kamchatica accessions that produce more seeds should be used, e.g., the Takashima accession. The development of an Agrobacterium-mediated floral dip transformation method for A. kamchatica allows the relatively simple introduction of genes of interest into this allotetraploid, which will facilitate future functional genomics studies of polyploid species. 
